H igh sympathetic activity is associated with hypertension 1-6 and many other diseases including heart failure, 7, 8 insulin resistance, 9 and obesity. 10, 11 Sympathetic nerve activity increases progressively as blood pressure rises from normal to moderate to severe hypertension in humans. 12 Interestingly, in both animal models of hypertension 13 and in patients with hypertension 3,6 elevated sympathetic activity precedes hypertension. The mechanisms driving excessive sympathetic activity in hypertension remain unresolved. Likely mechanisms contributing include elevated reflex afferent drive from both peripheral chemoreceptors 14, 15 and kidney, 16, 17 saltangiotensin II, 18-21 inflammation, [22] [23] [24] and respiration. 13, [25] [26] [27] [28] [29] Respiratory modulation of sympathetic activity or respiratory-sympathetic coupling has been observed in many sympathetic postganglionic outflows. 13, 21, [28] [29] [30] [31] [32] [33] Clinical studies have purported that by controlling breathing depth and rate (using RespeRate) blood pressure can be lowered 34 in patients with hypertension. 35 Recently, we found that in the spontaneously hypertensive (SH) rats, a genetic animal model of hypertension, 13 as well in rats submitted to chronic intermittent hypoxia, 27, 29, 36 there is augmented coupling of the central respiratory network to sympathetic circuits. This is expressed as elevations in sympathetic bursts in the late inspiratory (or beginning of postinspiratory; post-I) phases in the thoracic sympathetic nerve relative to age/sex-matched normotensive rats and is present before rats develop hypertension. 13 Simms et al 13 focused only on phrenic (central inspiratory) related modulation of sympathetic nerve activity and did not consider changes in expiratory neuronal activity at either the motor or neuronal level, so the central neural mechanisms for enhancing this coupling are unknown. In other models of hypertension (angiotensin II-salt hypertension), rostral ventrolateral medulla (RVLM) presympathetic neurons also show enhanced respiratory-related activity, 28 suggesting that this fundamental mechanism exists in both genetic and environmental induced hypertensive animal models. The unknown issue is whether enhanced respiratory-sympathetic coupling reflects either enhanced excitability of RVLM premotor sympathetic Abstract-A major aspect of hypertension is excessive sympathetic activity but the reasons for this remain elusive.
H igh sympathetic activity is associated with hypertension [1] [2] [3] [4] [5] [6] and many other diseases including heart failure, 7, 8 insulin resistance, 9 and obesity. 10, 11 Sympathetic nerve activity increases progressively as blood pressure rises from normal to moderate to severe hypertension in humans. 12 Interestingly, in both animal models of hypertension 13 and in patients with hypertension 3, 6 elevated sympathetic activity precedes hypertension. The mechanisms driving excessive sympathetic activity in hypertension remain unresolved. Likely mechanisms contributing include elevated reflex afferent drive from both peripheral chemoreceptors 14, 15 and kidney, 16, 17 saltangiotensin II, [18] [19] [20] [21] inflammation, [22] [23] [24] and respiration. 13, [25] [26] [27] [28] [29] Respiratory modulation of sympathetic activity or respiratory-sympathetic coupling has been observed in many sympathetic postganglionic outflows. 13, 21, [28] [29] [30] [31] [32] [33] Clinical studies have purported that by controlling breathing depth and rate (using RespeRate) blood pressure can be lowered 34 in patients with hypertension. 35 Recently, we found that in the spontaneously hypertensive (SH) rats, a genetic animal model of hypertension, 13 as well in rats submitted to chronic intermittent hypoxia, 27, 29, 36 there is augmented coupling of the central respiratory network to sympathetic circuits. This is expressed as elevations in sympathetic bursts in the late inspiratory (or beginning of postinspiratory; post-I) phases in the thoracic sympathetic nerve relative to age/sex-matched normotensive rats and is present before rats develop hypertension. 13 Simms et al 13 focused only on phrenic (central inspiratory) related modulation of sympathetic nerve activity and did not consider changes in expiratory neuronal activity at either the motor or neuronal level, so the central neural mechanisms for enhancing this coupling are unknown. In other models of hypertension (angiotensin II-salt hypertension), rostral ventrolateral medulla (RVLM) presympathetic neurons also show enhanced respiratory-related activity, 28 suggesting that this fundamental mechanism exists in both genetic and environmental induced hypertensive animal models. The unknown issue is whether enhanced respiratory-sympathetic coupling reflects either enhanced excitability of RVLM premotor sympathetic neurons or augmented synaptic drive from respiratory neurons that project to RVLM neurons. We tested the hypothesis that there is a distinct respiratory pattern in the SH rat that translates to an augmented respiratory synaptic drive to RVLM presympathetic neurons causing sympathetic overactivity.
Methods

Animals and Ethical Approval
Experiments were performed on juvenile male Wistar and SH rats (4 to 6 weeks old). In the UK, animal experiments were performed in accordance with the UK Animals Scientific Procedures Act 1986, and, in Brazil, experimental protocols were approved by the Local Ethical Committees on Animal Experimentation at the University of São Paulo (protocols #093/2009 and #064/2010) and were in agreement with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The animals were maintained in standard environmental conditions (23±2°C; 12/12 h dark/light cycle) with water and chow ad libitum.
Working Heart-Brain Stem Preparation: Ventral Approach to the Medulla Oblongata
Wistar and SH rats were prepared for in situ working heart-brain stem preparations. 37 See Methods in the online-only Data Supplement for details.
Peripheral Motor Nerve and Single Unit Recording
Multiple respiratory and sympathetic motor nerves were recorded as were single units using extracellular and intracellular recording techniques including voltage clamp. See Methods in the online-only Data Supplement for details.
Subglottal Pressure
Changes in upper airway resistance were measured. See Methods in the online-only Data Supplement for details.
Data Analyses and Statistical Evaluation
See Methods in the online-only Data Supplement for details.
Results
Cardiovascular Parameter Differences Between SH and Wistar Rats
Using the same perfusate flow rate and vasopressin concentration, SH rats had higher perfusion pressure than Wistar rats (70±2 versus 57±1 mm Hg; n=211, P<0.0001). SH rats had significantly larger Traube-Hering waves compared with Wistar rats (9±0.7 versus 2.5±0.2 mm Hg; n=211, P<0.0001), which has been shown to contribute to higher baseline arterial pressure in SH rats. 13 Thus, we sought to determine differences in respiratory pattern formation in SH rats.
Differences in the Respiratory Pattern in SH Relative to Wistar Rats
At 5% CO 2 , the inspiratory firing patterns of phrenic (PN), hypoglossal nerve (HN), and superior laryngeal nerve (SLN) were similar between rat strains and to those described previously 26, 37, 38 ( Figure S1A and Table S1 in the online-only Data Supplement). There was no rat strain difference in PN frequency or duration ( Figure S1A ; Table S1 ). The duration of preinspiratory (pre-I) activities in both HN and SLN (ie, activity occurring before the onset of PN) were twice as long as that in SH than Wistar rats ( Figure S1A , S1E, and S1F; Table   S1 ; P<0.05). In both Wistar and SH rats, the inspiratory motor activity of the SLN was followed by a decrementing postinspiratory (post-I) discharge that terminated in the middle of expiration. There was more early post-I activity in the SLN of SH than Wistar rats (Figure S1A and S1G; Table S1; P<0.05) but no difference in its duration ( Figure SIA) . In Wistar rats ( Figure S1A ), the late expiratory activity (E2) component of the abdominal nerve (AbN) was of low amplitude relative to its post-I component (P<0.01); whereas in SH rats, the AbN E2 component was of similar magnitude to the post-I burst ( Figure S1A ; Table S1 ) indicative of active expiration.
Altering Chemical Drive Switches Respiratory Pattern in SH and Wistar Rats
In SH rats, lowering perfusate CO 2 to 3% resulted in a change of respiratory pattern comparable with that in Wistar rats at 5% CO 2 ( Figure S1B ). Conversely, hypercapnia (7%) in Wistar rats produced a respiratory pattern similar to that observed in the SH rat at 5% CO 2 (Figure S1C and S1D; Table S1), including an incrementing E2 component in the AbN extension of the duration of pre-I activity in both HN and SLN.
Kinesiology of Pre-I and Post-I Activities in Cranial Respiratory Motor Outflows in SH and Wistar Rats
The preinspiratory decrease in subglottal pressure (indicating glottal dilatation) was earlier in SH relative to Wistar rats (0.60±0.04 versus 0.21±0.03 s; n=12, P<0.0001; Figure S2A and S2B). In contrast to the raised post-I activity of SLN in SH rats, the post-I elevation in subglottal pressure (glottal constriction) was reduced in SH versus Wistar rats (0.6±0.05 versus 2.8±0.3 mm Hg; n=12, P<0.0001; Figure S2A and S2B). These data indicate that SH rat has reduced upper airway resistance during both inspiration and post-I compared with Wistar rats.
Respiratory Modulation of Cervical and Lumbar Sympathetic Nerves in SH Rats
Sympathetic outflows all showed characteristic respiratory-modulated activity ( Figure S3A ) consistent with previous reports. 13, 26, 27, 29 As with the thoracic sympathetic nerve, 13 we observed that all 3 sympathetic nerves recorded (ie, external and internal cervical sympathetic nerves [eCSN, iCSN], respectively, lumbar sympathetic) had augmented respiratory-modulation in SH rats (Figure S3A and S3B; Table  S2 ). Specifically, SH rats exhibit increased inspiratory (iCSN, P<0.05 and eCSN, P<0.01; Figure S3B ) and post-I-related sympathetic bursts (P<0.001; Figure S3B ) and also an additional pre-I peak in the iCSN only ( Figure S3B ) relative to that seen in Wistar rats (P<0.01; Figure S3A ). In SH rats, lowering CO 2 to 3% reduced the respiratory modulation of sympathetic activity to levels similar to those in Wistar rats at 5% CO 2 ( Figure S3C ; Table S2 ). Also, the additional burst during the E2 or pre-I phases in iCSN was eliminated at 3% CO 2 in SH rats ( Figure S3C ). Thus, SH rats have an exaggerated respiratory-modulated sympathetic bursting with an additional E2 or pre-I phase burst in iCSN relative to Wistar rats, which is CO 2 sensitive.
The augmented respiratory modulation of sympathetic activity could either be because of enhanced excitability of RVLM presympathetic neurons and enhanced synaptic drive from impinging respiratory neurons. We tested the former scenario first.
Are RVLM Presympathetic Neurons in SH Rats More Excitable?
We evaluated whether or not the increased respiratory modulation of sympathetic activity (also perfusion pressure and Traube-Hering waves) observed in SH rats was because of changes in intrinsic electrophysiological properties of RVLM presympathetic neurons recorded intracellularly. All neurons tested showed spontaneous activity and were (1) hyperpolarized by aortic depressor nerve stimulation and (2) activated antidromically from T8-T12 spinal segment stimulation ( Figure 1C4 ; Figure S4C4 ). We found 4 types of respiratory-modulated RVLM presympathetic neurons: inspiratory excitation (n=5 for each rat strain), inspiratory inhibition (n=6 for each rat strain), post-I excitation (n=5 for each rat strain), and no respiratory modulation (n=6 for each rat strain). The firing of both inspiratory ( Figure S4A2 ) and post-I modulated RVLM neurons ( Figure 1A2 ) was augmented in SH versus Wistar rats (P<0.001). In RVLM presympathetic neurons with inspiratory excitation, additional synaptic drive/action potentials were also observed in the E2 or pre-I phase in SH, but not in Wistar rats ( Figure S4A1 and S4A2 ). This may explain the additional burst recorded from the iCSN described above. In contrast, there was no difference in the firing frequency of RVLM neurons receiving inspiratory inhibition or no respiratory modulation.
Given these data, we evaluated the excitability of RVLM presympathetic neurons with inspiratory and post-I modulated activity. We blocked fast excitatory and inhibitory synaptic transmission and neurons fired continuously indicating disinhibition. The efficacy of blockade was confirmed by the abolition of both baseline and chemoreflex-induced phrenic and cranial nerve activities, and the absence of spontaneous excitatory or inhibitory postsynaptic potentials recorded from medullary neurons as before. 39 By comparing SH versus Wistar rats, the firing frequency, baseline membrane potential, input resistance, and firing response to depolarizing current injection in both inspiratory and post-I modulated RVLM presympathetic neurons were not different ( Figure 1B1 -B4, 1C1-C3; Figure S4B1-B4; and S4C1-C3). These data do not support the notion that the increased respiratory modulation of sympathetic activity is because of an elevated intrinsic excitability of RVLM presympathetic neurons in SH rats. This led us to assess whether there were differences in respiratory neuron firing between rat strains that could account for the enhanced sympathetic modulation. Figure 2 . Elevated excitability of preinspiratory pre-Bötzinger Complex (pre-BötC) neurons in SH rats. Raw records of phrenic nerve (PN) and intracellular pre-BötC preinspiratory (pre-I) neuron activity in Wistar (A1) and SH (A2) rats. These neurons were not activated antidromically by electric stimulation of the cervical spinal cord (*). In the presence of synaptic blockade, there were no differences in the intrinsic firing frequency (B1), input resistance (C1), and firing responses to injected depolarizing current (C2) of the nonbursting pre-I neurons of Wistar vs SH rats. Pre-I neurons from SH rats exhibiting intrinsic bursting after synaptic blockade showed an increase in the burst frequency (B2), input resistance (D1), and firing response to depolarizing current injection (D2) relative to the bursting pre-I neurons of Wistar rats. 
Excitability of Pre-I and Post-I Neurons in SH Versus Wistar Rats
Of all types of respiratory neurons tested, we found that the firing frequency of post-I neurons and pre-I neurons was enhanced in SH compared with Wistar rats ( Figure 2A1 and 2A2 and Figures S5 and S6 ). Considering that hypocapnia (3% CO 2 ) eliminated the iCSN pre-I burst in the SH rats ( Figure  S3 ), we performed extracellular recordings of late-E retrotrapezoid nucleus (RTN) neurons in SH rats to test whether these neurons are the source of the addition synaptic inputs to RVLM presympathetic neurons during pre-I phase. In the presence of 7% of CO 2 (hypercapnia), we found respiratory rhythmic late-E RTN neurons (12.1±1.2 Hz; n=6; Figure S7A ) in SH rats. Switching from hypercapnia to eucapnia allowed us to study whether, in the SH rats, these late-E neurons are spontaneously active at 5% CO 2 . In all cases, RTN late-E neurons became silent ( Figure S7B ) but could be transiently reactivated during peripheral chemoreflex activation (63.1±3.2 Hz; n=6; Figure S7C ), showing that RTN late-E neurons are not the source of additional synaptic inputs to RVLM presympathetic neurons in SH rats at eucapnia.
Because the firing frequency of pre-I neurons and post-I was increased in SH relative to Wistar rats, stable intracellular recordings were performed to study their membrane potential trajectories in the intact respiratory network and, after synaptic isolation, their excitability. All pre-I and post-I neurons were not activated antidromically by spinal (C3-C5 level) or SLN stimulation (see insets in Figures 2A and 4A ).
Pre-I Neurons
Intracellular recordings of all pre-I neurons from SH rats showed a higher peak firing frequency compared with those from Wistar rats (Figure 2A1 and 2A2; P<0.0001). There was no difference in the magnitude of the post-I hyperpolarization between rat strains ( Figure 2A1 and 2A2). After synaptic blockade, pre-I neurons either showed tonic firing ( Figure 2B1 ) or intrinsic bursting ( Figure 2B2 ) in both rat strains. In tonic firing pre-I neurons, no changes in any parameter were found between rat strains including intrinsic firing frequency ( Figure 2B1 ), input resistance ( Figure 2C1 ), or firing response to injected current ( Figure 2C2 ). In contrast, the membrane potential of pre-I neurons with intrinsic bursting after synaptic isolation was more depolarized in SH compared with Wistar rat (Figure 2B2 ; −48.7±0.4 versus −54.9±1.2 mV; n=12; P=0.0008), the burst frequency increased ( Figure 2B2 ; 1.7±0.1 versus 0.9±0.08 Hz; n=12; P=0.0016), the input resistance was higher ( Figure 2D1 ; 540±17.1 versus 310.2±18.4 mol/LΩ; n=12; P<0.0001), and excitability to positive current pulses increased ( Figure 2D2 ; P<0.001). Because previous studies documented that a pH-sensitive potassium-dominated leak conductance controlled pre-I neuron excitability in the pre-Bötzinger Complex (pre-BötC) affecting rhythm generation in vitro, 40 we tested whether this current was different in bursting pre-I neurons from SH rats relative to Wistar rats ( Figure 3 ). The calculated reversal potential of potassium was −89 mV, and the reversal potential of the leak current in the bursting pre-I neurons was −75±2.1 mV, suggesting that the leak conductance was K + ion dominated, with a small non-K + cationic conductance component (ie, a nonselective cationic conductance; Figure 3A and 3B). Using voltage clamp and a ramp voltage step (from −145 to +15 mV; 30 mV/s), the leak current was reduced in SH versus Wistar rats (374±13 versus 508±11 pA, respectively; Figure 3 ; n=10, P<0.0001). Figure 4C1 and 4C3) .
Post-I Neurons
Considering the latter and that a calcium-activated potassium-conductance (BK Ca ) was described previously in post-I neurons of cat, 41, 42 we measured the firing response after iberiotoxin (IBTX, 50 nM; given into the perfusion), a blocker of BK Ca channels. In post-I neurons from Wistar rats, IBTX increased the firing frequency response to injected current by ≈66% (Figure 4C1 , 4C2, and 4D2; P<0.0004) by reducing spike frequency adaptation. This response was similar to the firing behavior of post-I neurons from SH rats using the same current pulse. In contrast, in post-I neurons from SH ) and SH (A2) rats. These neurons were likely propriobulbar because they were not activated antidromically by superior laryngeal nerve stimulation (*). SH rats exhibited increased firing frequency of BötC post-I neurons. After synaptic blockade, input resistance (B1 and B2) was not different between Wistar and SH rats. Spike frequency adaptation during positive current injection was lower in SH (C3) vs Wistar rats (C1). Current-firing plots showed that post-I neurons of SH rats had elevated excitability (D1). Perfusion with iberiotoxin (IBTX; 50 nmol/L) to block calcium-activated potassium channels, elevated the firing frequency response to positive current injection in Wistar post-I neurons (C2) to levels seen in SH rats without IBTX perfusion (C3 and D2). In contrast, in SH rats, IBTX was ineffective in affecting post-I neuron firing (C4 and D2). *P<0.01 and **P<0.001 in relation to Wistar group in the same value of positive current. 
Testing the Functional Role of the BK Ca Current in the Bötzinger Complex for RespiratorySympathetic Coupling
CO 2 Drive Manipulation
We evaluated the effects hypocapnia on the changes of the excitability of pre-I neurons from SH rats. The data show that hypocapnia (3% CO 2 ) decreased the excitability of pre-I neurons from both SH (100 pA: 51±4.8 versus 80±1.6 spikes; P<0.0001; n=10) and Wistar rats (100 pA: 25±2 versus 54±1 spikes; P<0.0001; n=10). In addition, the excitability of the pre-I neurons from SH rats at 3% CO 2 was similar to that in pre-I neurons from Wistar rats during 5% CO 2 (100 pA: 51±4.8 versus 54±1 spikes; n=10). All told, the data support reduced leak current in pre-I neurons of SH rats.
BK Ca Modulation
Given that IBTX increased the firing of post-I neurons in Wistar rats to a level not indistinguishable from post-I neurons in SH rats ( Figure 4D2 ), and that SH rats have greater respiratory modulated sympathetic nerve activity ( Figure S3A and S3B), we predicted that blocking BK Ca conductance in the BötC of Wistar rats would elevate respiratory-sympathetic coupling. Figure 5A -5C and 5E show that post-I modulation of lumbar sympathetic nerve was augmented after a bilateral microinjection of IBTX into the BötC of a Wistar rat (P<0.0001). This was accompanied by an elevation in perfusion pressure (Figure 5A and 5D ; P<0.0005). Injected sites were verified histologically ( Figure 5F and 5G). There was no effect of IBTX injections into the BötC of SH rats (see Results in the online-only Data Supplement).
Discussion
Our main finding is that selective respiratory neuron types within the ventrolateral medulla have augmented excitability potentiating the respiratory-sympathetic coupling characteristic of the in situ prehypertensive SH rats. We have no evidence supporting increased intrinsic excitability of RVLM presympathetic neurons in SH rats. Rather, pre-I and post-I neurons modulating sympathetic drive have increased neuronal excitability in SH rats as a result of decreased leak and BK Ca conductances, respectively. Moreover, blockade of BK Ca channels in the BötC of Wistar rats (to raise postinspiratory neuronal activity) increased respiratory-sympathetic coupling and vascular resistance akin to SH rats.
Altered respiratory-sympathetic coupling was observed in anesthetized, vagotomized adult SH rats, 32 and sympathetic activity plays a critical role in the development and maintenance of hypertension in SH rats, including conscious animals. [43] [44] [45] [46] We showed previously that there was elevated thoracic sympathetic drive to the vasculature in the young SH rat before the development of hypertension that contributed to heightened vascular resistance. 13 Our present study shows for the first time elevated sympathetic activity in cervical and lumbar outflows in prehypertensive SH rats.
The finding of enhanced respiratory-sympathetic coupling in the in situ SH rat is not unique because it also occurs after chronic intermittent hypoxia 29 and angiotensin II/high salt diet. 28 Given that increased respiratory-related bursting of sympathetic activity increases Traube-Hering waves, which summate (present study and), 13, 27 it provides a mechanism for generating hypertension in animal models.
We found increased firing frequency of RVLM presympathetic neurons with inspiratory and post-I modulation in SH versus Wistar rats. The firing frequency of RVLM presympathetic neurons with post-I modulation was also increased in rats treated with angiotensin II and high salt 28 and after chronic intermittent hypoxia. 47 Their exaggerated respiratory-related modulation could result from either increased intrinsic RVLM neuronal excitability or elevated excitatory presynaptic drive from respiratory neurons. In synaptically isolated RVLM presympathetic neurons, we confirmed they have pacemaker properties. 48 , 49 We acknowledge that not all synapses will be blocked including intercellular mediators including those released from astrocytes. However, as in chronic intermittent hypoxic rats, 47 we observed no difference in the excitability of RVLM neurons between SH and Wistar rats, indicating that the increased respiratory modulation of RVLM presympathetic neurons in SH rats is because of heightened presynaptic excitatory drive.
Our finding that hypocapnia (3% CO2) eliminated the pre-I respiratory-related burst in the sympathetic outflows of SH rats and that stimulation of the RTN neurons by hypercapnia may activate pre-BötC pre-I neurons, 36, 38 we considered that CO 2 -sensitive RTN neurons (which fire in late-E) could be more excitable in SH rats than those in Wistar rats, and provide heightened excitatory synaptic drive to RVLM presympathetic neurons. However, this was not the case. As with findings in Wistar rats, we found an absence of rhythmically active late-E firing neurons in the RTN of SH rats at 5% CO 2 ( Figure S7 ). In contrast, the firing frequency of both pre-I neurons located in the pre-BötC and post-I neurons located in the BötC was elevated in SH rats. We cannot rule out the possibility that in the SH rat CO 2 is acting directly on pre-I neurons (eg, the leak conductance, see below) to enhance their excitability. We suggest these neurons provide the additional excitatory drive to explain the enhanced phase-related respiratory-sympathetic modulation. In both cell types, distinct intrinsic ionic channels seem responsible for generating enhanced neuronal excitability. This raises the intriguing idea that excessive sympathetic activity in SH (and other models) [26] [27] [28] [29] results, in part, from alterations in ionic conductances in distinct respiratory neuron types.
Previous electrophysiological studies have documented that a persistent sodium current (I NaP ) and a potassium-dominated leak current are coexpressed in pre-BötC preinspiratory neurons, and that their relative ratio of expression provides a mechanism for intrinsic burst generation. 39, [50] [51] [52] [53] [54] [55] Our finding that pre-I neurons in the SH rat have reduced leak, and enhanced I NaP currents provide an explanation for their enhanced excitability. It is noteworthy that the leak current is sensitive to low pH 52 , and I NaP is enhanced by hypoxia. [53] [54] [55] Given that the brain stem of young SH rats in vivo may be hypoperfused, 56, 57 acidosis and hypoxia could provide conditioning stimuli to modulate potassium-mediated leak and I NaP currents, respectively. Augmented excitability of pre-I neurons may explain the increased pre-I activity in SLN and HN producing early dilatation of the upper airway before inspiration thereby reducing airflow resistance during forced expiration ( Figure  S2 ), a characteristic of the eupneic SH rat.
In SH rats, the increased excitability of post-I neurons was because of decreased BK Ca current, which serves to cause spike frequency adaptation as described previously. 41 We found that blocking BK Ca increased post-I neuron excitability in Wistar rats but was ineffective in SH rats. Interestingly, in the carotid body, hypoxia causes depolarization of glomus cells by closing BK Ca channels. 58 Any hypoperfusion of SH rat brain stem 57 might contribute to the inactivity of BK Ca channels of post-I and modulation of the leak current in pre-I neurons; this waits testing. Importantly, blocking BK Ca in the BötC of Wistar rats enhanced respiratory-sympathetic coupling (akin to the SH rat) but was ineffective in SH rats. What induces changes in the intrinsic membrane conductances of pre-I and post-I neurons? Is this genetically programmed or caused by the elevated tonicity of the peripheral chemoreceptor afferent input in the SH rat? 14 The latter is consistent with findings of increased minute ventilation, 59 the larger carotid bodies in SH rats with smaller diameter arteries, 60 and enhanced carotid sinus nerve discharge during hypoxia. 61, 62 Reflexly, carotid body stimulation increases both pre-I and post-I neuronal activities, and the chemoreflex-evoked sympathoexcitation is larger in SH than Wistar rats, 63 whereas carotid sinus nerve denervation reduced both respiratory modulation of iCSN and lumbar sympathetic nerve in SH rats 64 and arterial pressure in conscious SH rats. 14, 64 In summary, prehypertensive in situ SH rats have enhanced respiratory-modulated sympathetic activity at cervical, thoracic, and lumbar levels. We propose sympathetic overactivity in in situ SH rats reflects elevated respiratory drive to RVLM presympathetic neurons from both BötC post-I and pre-BötC pre-I neurons. These respiratory neurons are unique in having altered intrinsic membrane properties making them more electrically excitable thereby enhancing respiratory-sympathetic neuronal coupling contributing to the exaggerated sympathetic activity, increased vascular resistance and hypertension in SH rats.
Perspectives
Most animal and human studies measure breathing by recording an inspiratory signal. This study reveals the importance of also measuring expiratory activity, which is increased in conditions of hypertension. Because medullary expiratory interneurones are connected to premotor sympathetic neurons, any change in central expiratory activity affects sympathetic activity generation and blood pressure. Our results support the novel idea that the excessive sympathetic discharge in neurogenic hypertension reflects, in part, increased excitability of expiratory neuronal subtypes. It follows that any analysis of understanding the pathogenesis of hypertension should consider alterations in expiratory activity as a potential cause. Future studies should approach how expiratory activity might be normalized as a mechanism to reduce arterial pressure. 
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Methods
Working Heart-Brainstem Preparation: ventral approach to the medulla oblongata Wistar and SH rats were prepared for in situ working heart-brainstem preparations, as previously described 1, 2 . Briefly, the animals were deeply anaesthetized with halothane, transected caudal to the diaphragm, exsanguinated and submerged in a cooled Ringer solution (in mM: NaCl, 125; NaHCO 3 , 24; KCl, 3; CaCl 2 , 2.5; MgSO 4 , 1.25; KH 2 PO 4 , 1.25; dextrose, 10). They were then decerebrated at the precollicular level rendering them insentient, and skinned. To expose the ventral medullary surface for neuronal recording and microinjections, preparations were placed supine and the trachea, oesophagus, muscles and connective tissues covering the basilar surface of occipital bone were all removed. Then, the basilar portion of occipital bone was removed to expose the ventral surface of the medulla in the antero-posterior extension from the vertebral arteries to the pontine nuclei as previously described 3 . Preparations were then transferred to a recording chamber and the descending aorta cannulated and perfused retrogradely with Ringer's solution containing an oncotic agent (1.25% Polyethylene glycol, Sigma, St Louis, MO, USA), neuromuscular blocker (vecuronium bromide, 3-4 µg/ml), arginine vasopressin (600 to 700 pM) that was continuously gassed with 5% CO 2 and 95% O 2 using a peristaltic pump (Watson-Marlow 502s, Falmouth, Cornwall, UK). The perfusate was warmed to 31°C, filtered using a nylon mesh (pore size: 25 µm, Millipore, Billirica, MA, USA) and recycled.
Peripheral Motor Nerve Recording
Respiratory and sympathetic motor nerves were isolated and recorded using bipolar glass suction electrodes. Phrenic nerve activity (PN) was recorded from its central end intra-thoracically. The superior laryngeal (SLN) and hypoglossal (HN) nerves were isolated in the cervical region, cut distally and central activity recorded. The internal (iCSN) and external cervical (eCSN) post-ganglionic sympathetic nerves were recorded in some preparations. The activity of the lumbar sympathetic chain (lSN) was recorded from the L1-L5 spinal level. An abdominal nerve (AbN) was isolated from the abdominal muscles at thoracic-lumbar level, cut distally and its activity recorded. All the signals were amplified, band-pass filtered (AM-Systems, WA; USA; 0.1-5 kHz) and acquired with an A/D converter (CED 1401, Cambridge Electronic Design, CED, Cambridge, UK) to a computer using Spike 2 software (Cambridge Electronic Design, CED, Cambridge, UK).
Single unit recordings
Extracellular recordings were performed using glass microelectrodes (10-30 MΩ) filled with NaCl (3 M). Intracellular recordings were obtained from medullary presympathetic and respiratory neurons (one neuron per rat) with sharp glass microelectrodes filled with a solution containing 3 M KCl with a resistance of 50-120 MΩ when tested in the bath solution. Voltage-clamp data (leak currents) were obtained from whole-cell patch-clamp with pipette contained (in mM): 130 Kgluconate, 10 Na-gluconate, 4 NaCl, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, and 4.0 sodium phosphocreatine, adjusted with NaOH to match the intracellular pH to 7.3. All electrodes were mounted in a micromanipulator (MHW-3; Narishige, Tokyo, Japan) and positioned onto the ventral surface of medulla under visual control (binocular Table S1 . Differences between Wistar & SH rats for phrenic nerve (PN) frequency and duration, pre-I duration in the hypoglossal nerve (HN) and superior laryngeal nerve (SLN), post-I activity of the SLN and abdominal activity (AbN, E2 and post-I components) with differing levels of CO2. * p<0.05 in relation to Wistar rats at 5% CO 2 . Table S2 . Top three rows show post-inspiratory modulated sympathetic activity in the external (eCSN) and internal (iCSN) cervical and lumbar (lSN) sympathetic nerves in SH versus Wistar rats at 5% and also at 3% in SH rats. Also shown is the iCSN pre-I modulated activity levels. * p<0.05 in relation to Wistar rats at 5%CO 2 .
Supplemental Figures (S1 to S7) Figure S1 . Note that hypercapnia (7% CO 2 ) evoked rhythmic late-E firing of RTN neurons but during normocapnia (5% CO 2 ) neurons were silent. Since the preinspiratory (pre-I) activity persisted in the SLN during normocapnia, RTN late-E neurons are not responsible for this. (C) During normocapina peripheral chemoreflex activation (sodium cyanide ↑, NaCN; 0.03%, 50 µl) evoked late-E firing in RTN neurons.
